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Abstract 
Nano-hemisphere arrays with low aspect ratios are proposed to texture ultrathin poly-Si film-based solar cells. The 
calculation indicates that the ultimate efficiency can reach as high as ~30% (almost 2 times of 15.9% for a 2 μm thick 
flat film) when the optimized nano-hemisphere array with both the array periodicity and hemisphere diameter of 0.6 
μm is incorporated into a 0.3 μm thick poly-Si film. The underlying physics responsible for performance 
enhancement is discussed. 
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1. Introduction 
     Compared to “conventional” thin films, ultrathin crystalline Si films (< 1 μm) not only reduce bulk 
defects due to volume reduction, but also are beneficial for further cost reduction. More importantly low 
film quality can be tolerant for ultrathin film-based solar cells due to the reduced carrier collection length. 
Accordingly, the ultrathin crystalline Si films are considered as one of the promising materials for cost-
effective solar cells. However, film thickness reduction for crystalline Si films leads to poor light 
absorption, especially around the bandgap due to the indirect bandgap characteristics [1].    
     To enhance light trapping in crystalline Si thin films, several light management schemes are proposed 
such as multilayered antireflection coatings (ARC) [2,3], photonic crystal structures [4], surface plasmon 
[5-7], and nanostructured surface texturing [8-10]. Among them surface texturing via Si nanostructures 
including Si nanowires (SiNWs), Si nanoholes (SiNHs), demonstrates excellent light confinement in wide 
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wavelength and incident angle ranges [11,12]. There is no parasitic absorption loss, which is found in the 
cases employing ARC and surface plasmon. However, the SiNWs or SiNHs (length normally is required 
to be > 1 µm for effective light trapping) cannot be applied to the ultrathin films (< 1 µm) due to the 
thickness limitation [9]. Further, it is worth noting that high aspect ratios associated with SiNWs or 
SiNHs would not only increase surface areas (thus surface recombination), but also potentially affect 
conformal deposition of transparent electrodes, resulting in poor photogenerated carrier collection, and 
thus low power conversion efficiencies (PCE) [13,14]. Therefore, it is needed to develop novel surface 
textures for ultrathin Si film-based solar cells to achieve high PCE.  
     In this paper, nano-hemisphere arrays with low aspect ratios are introduced for texturing ultrathin 
poly-Si films. The calculation demonstrates that the ultimate efficiency as high as ~30% (almost 2 times 
of 15.9% for a 2 μm thick flat film) is achieved when the optimized nano-hemisphere array with both the 
array periodicity (P) and hemisphere diameter (D) of 0.6 μm is incorporated into a 0.3 μm thick poly-Si 
film. The underlying physics responsible for performance enhancement is also discussed. 
2. Experimental 
     In this paper, A full wave finite element method (FEM) is employed to simulate the interaction 
between incident light and the proposed nanostructure [15], which is realized by infinitely extending the 
structural unit (as marked by the dash line in Fig. 1(a)) using the periodic boundary conditions. Then the 
electromagnetic (EM) filed is obtained via resolving the Maxwell equations. Thereby the spatial 
distribution of energy flux, and thus the optical characteristics are achieved by integrating the EM field. 
The incident light is perpendicularly projected onto the Si film surface with the energy ranging from 1 to 
4 eV, covering the major energy regime of the solar spectrum. 
3. Results and discussion 
     Figure 1(a) schematically shows the cross-sectional view of the proposed ultrathin poly-Si film-based 
solar cell configuration. Here the square lattice structure of the nano-hemispheres is adopted, as depicted 
by the tilted SEM image of a typical sample with D of ~0.3 μm.  Fig. 1(b) shows the refractive index, n 
and extinction coefficient, k of poly-Si [16]. According to Fresnel theory, the continuous change of the 
effective refractive index between air and the underlying solid film is essential for suppressing light 
reflection [17]. Thus the study is performed under the condition in which the bottom edges of the nano-
hemispheres just touch each other, i.e., D=P.   
     Figure 2 depicts optical characteristics of the proposed structure as a function of P. It is obvious that 
light absorption is enhanced after incorporating nano-hemisphere arrays. With increasing P, the 
absorption edge shifts toward low energy and light trapping first increases and then decreases in the 
higher energy regime (see Fig. 2(a)).  Corresponding to light absorption enhancement, light reflection is 
suppressed almost in the whole energy range, and the reflection in the higher energy region first decreases 
such as from P=100 to 300 nm and then increases for larger array periodicities, but it is still much lower 
than the reflection from the flat film (see Fig. 2(b)).  Light transmission also decreases with increasing P, 
as shown in Fig. 2(c).   
     For micrometer-scale surface textures developed for Si wafer-based solar cells, light absorption 
enhancement is attributed to multireflection to the incident light governed by geometrical optics [18].  In 
our case, the feature size of the textures is in subwavelength, and thus the interaction between incident 
light and the nano-hemisphere array textured surfaces should follow the optical processes in wave optics 
[19]. According to the point of view of wave optics, if the feature size of the objects is much smaller than 
the light wavelength, light could ignore the existence of the object and bypass it. If the wavelength of the 
incident light is comparable with the interacted object, the light will be strongly scattered, resulting in the 
elongated optical path length, and the enhanced light trapping. However, when the light wavelength is 
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Fig. 1.  a) Schematic of the cross-sectional view of the proposed nano-hemisphere 
array textured ultrathin Si film-based solar cells. The inset shows the tilted SEM 
image of a typical sample with the hemisphere diameter of ~0.3 μm. b) Refractive 
index, n, and extinction coefficient, k of poly-Si used in this study. 
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Fig. 2.  a) Light absorption, b) reflection, and c) transmission spectra of the nano-
hemisphere array textured 0.6 μm Si films with different P. d) summarizes UE as a 
function of P.  
much shorter than the object feature size, the interaction between the incident light and the objects would 
be dominated by the reflection process [8].  
     For the case discussed here, when the feature size of the nano-hemispheres is too small such as for 
P=100 nm, the low-energy incident light (with long wavelengths) can easily penetrate through the nano-
hemisphere array and interact with the underlying thin film. It is verified by the overlapped optical 
spectra in low energy for the 0.6 μm thick film with and without the nano-hemisphere array with P of 100 
nm (see Figs. 2(a), (b), and (c)). However, the enhanced light absorption like the sample of P=300 nm 
around 3 eV is not observed for this sample in the energy of 1-4 eV, which is due to the much smaller 
feature size compared to the light wavelength in this energy region. When the energy is above ~4.7 eV, 
the remarkably strong light absorption of > 95% (see Fig. 3) is achieved due to the enhanced scattering. 
As the feature size of the nano-hemispheres increases, the wavelength at which the enhanced scattering 
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occurs also increases, i.e., the extremely strong light absorption shifts toward low energy, as indicated in 
Fig. 3.  Accordingly the light absorption edge also shifts toward the low energy end, and the reflection in 
the high energy regime increases, as demonstrated in Figs. 2(a) and 3.   
     To quantitatively characterize the light trapping capability, the ultimate efficiency, UE is calculated 
following Equation 1 [8], 
 
                                                                                              (1) 
 
where Eg is the bandgap (~1.1 eV for poly-Si), E is photon energy, I(E) is the solar energy density 
spectrum at the AM 1.5 spectrum [20], α(E) is the absorption spectrum. From Equation 1, one notes that 
the ultimate efficiency is defined as the optical-electrical conversion capability, provided that each 
absorbed photon with the energy above Eg would be converted into one electron-hole pair with the energy 
of Eg, and the electron-hole pair can be completely extracted for electrical energy output. Fig. 2(d) 
summarizes UE as a function of P. In line with light absorption change, UE increases with P to 300 nm 
due to the red-shift of the absorption edge and enhanced absorption in the higher energy regime. 
Although the further increase of P to 600 nm leads to the absorption decrease in the higher energy region, 
the red-shift of the absorption edge can compensate the absorption loss due to the relatively high photon 
density in the lower energy regime [20]. However, when P is too large (> 600 nm), the enhanced light 
reflection in a broad energy range (see Fig. 2(b)) cannot be compensated by the absorption edge red-shift, 
leading to the decrease of UE. Accordingly, the optimum light absorption is found at P=600 nm where 
UE is ~ 34% although the total thickness is only 0.9 μm. However, for the flat film with the thickness 
even up to 2 μm, UE is still < 16%, as shown in Fig. 3(d). Note that there is a relatively wide P window 
for light absorption enhancement, which is beneficial for experimental demonstration of the resulting high 
efficiency solar cells.  
     The effect of the underlying film thickness, T on light trapping is also investigated. Fig. 4(a) shows UE 
as a function of T. As T increases, UE also increases due to the transmission suppression in the low 
energy regime. When the film thickness is above ~0.6 μm, UE is saturated because of the limited room 
for transmission suppression as shown in Fig. 4(b). Here we find that although T is only 0.3 μm, UE of 
~30% can be achieved when incorporating the nano-hemisphere array surface texture with optimized 
structural parameters, i.e., P=D=600 nm. For solar cell applications, light absorption under oblique 
incidence is also important. Our investigation demonstrates that UE of 30.2% and 28.2% are achievable 
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Fig. 3.  Absorption spectra of the 
samples with P of 100, 200 and 300 
nm, and the underlying film thickness 
of 0.6 μm. 
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Fig.4.  a) UE as a function of the underlying film thickness, T. b) 
Transmission spectra of the nano-hemisphere array (P=D=600 nm) textured 
thin films with thicknesses of 0.3, 0.6, and 1.2 μm. The 2 μm thick film 
serves as the reference. 
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for the 0.6 μm poly-Si film textured by the nano-hemisphere array with P = D = 600 nm when the 
incident angle is set at 30° and 60°, respectively, indicating the huge potential of the nano-hemisphere 
array surface texturing in the application of high performance solar cells.  
4. Conclusions 
    In summary, low aspect-ratio nano-hemisphere array surface texturing is introduced for high efficient 
ultrathin poly-Si film-based solar cells. The studies demonstrate that light trapping can be systematically 
modulated through varying the hemisphere dimensions. When the array periodicity and the hemisphere 
diameter are set to be 600 nm, an ultimate efficiency of 34% can be achieved with a 0.6 μm underlying Si 
film, which is more than double of that of the flat film with the thickness of 2 μm. When the film 
thickness is further reduced to 0.3 μm (i.e., the total thickness is 0.6 μm), the ultimate efficiency of 30% 
can still be achieved. Moreover, the nano-hemisphere array textured surfaces exhibit excellent 
antireflection under oblique incidence. 
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